Subcutaneous (SC) trastuzumab has long been approved as a cancer treatment for early and advanced HER2-positive (HER2+) breast cancer by both the European Medicines Agency (EMA) and Agência Nacional de Vigilância Sanitária (ANVISA), the Brazilian National Health Surveillance Agency. A pivotal non-inferiority phase III trial, which aimed to provide a more convenient and cost-effective treatment in the HER2+ breast cancer neoadjuvant setting, showed that the SC group met prespecified efficacy endpoints and the SC formulation was considered as safe as the intravenous (IV) formulation. Considering the recent approval of several biosimilars, new SC formulations are also an interesting manufacturer strategy as these drugs can obtain patent protection. Despite being considered non-inferior to the IV formulation of trastuzumab, in clinical development, the SC formulation elicited higher immunogenicity, mainly related to overall anti-drug antibodies (ADAs); however, this finding was classified as clinically non-significant. In this article, we explore different aspects of the benefits and risks of the SC trastuzumab formulation according to published data.
Introduction
Trastuzumab received US Food and Drug Administration (FDA) approval in 1998 and European Medicines Agency (EMA) approval in 2000 for use in the treatment of metastatic HER2-positive (HER2+) breast cancer. Subsequently, the FDA and EMA approved trastuzumab as an adjuvant treatment for HER2+ breast cancer and HER2+ metastatic gastric or gastroesophageal junction adenocarcinoma [1, 2] .
Trastuzumab was recently included in the World Health Organization (WHO)'s list of essential cancer drugs [3, 4] ; co-administration with other drugs has become the standard of care in HER2-overexpressing breast cancers in the (neo)adjuvant and first-line palliative settings. Its use varies according to the indication: alone or in combination with chemotherapy, hormone therapy, small-molecule tyrosine kinase inhibitors, and other antibodies, such as pertuzumab [5] [6] [7] [8] [9] .
Despite being considered a breakthrough in HER2+ breast cancer treatment, the high cost of trastuzumab makes access to this drug a challenge, mainly in undeveloped countries, resulting in a worse prognosis for breast cancer patients [10, 11] . Since 2017, after patent expiration, some trastuzumab biosimilars have been approved in several countries [12] [13] [14] [15] [16] [17] (Table 1) , and their use has been strongly supported by the European Society of Medical Oncology [18] .
According to the label recommendation, the intravenous (IV) formulation of trastuzumab can be administered in weekly infusions (initial dose of 4 mg/kg followed by subsequent doses of 2 mg/kg) or every 3 weeks (initial dose of 8 mg/kg followed by subsequent doses of 6 mg/kg), depending on the indication and regimen chosen. The first dose might be infused in 90 min, with all additional doses administered within 30-90 min if the patient has no infusion reactions [1] .
The subcutaneous (SC) administration of drugs initially approved to be given intravenously is a developing strategy that aims for an overall pharmacoeconomic benefit and/or the patient's comfort [19] [20] [21] . In certain cases, such as in SC bortezomib to treat multiple myeloma, it may even result in improved safety, as the rate of adverse effects might be reduced [22] .
For drug manufacturers, the reformulation of existing drugs is also a valuable strategy to remain competitive as the expiration of patents approaches as these new formulations can guarantee extended patent protection [23] . In the case of monoclonal antibodies, newer versions could be protected against competing biosimilars, such as the SC formulation of trastuzumab [24] .
Trastuzumab Reformulation
The SC trastuzumab formulation contains the same monoclonal antibody found in the IV formulation in a dose of 600 mg/5 mL per vial plus a recombinant human hyaluronidase (rHuPH20, 10,000 U) to be used in a fixed dose of 600 mg every 3 weeks, independent of the patient's weight. The combination with a hyaluronidase was necessary to increase the permeability of the extracellular matrix, which allows the administration of higher volumes and enhances drug absorption into the circulation [25] ; to this purpose, HuPH20 has been considered an attractive option for delivering large molecules (i.e., monoclonal antibodies, immunoglobulins, or insulin) and fluid volumes via the SC route as an alternative to IV administration given its modest immunogenicity and lack of adverse events and deleterious effects on efficacy [26] .
In the HannaH study, a phase III, multicenter, international, randomized, open-label non-inferiority trial, SC and IV formulations of trastuzumab were compared in the neoadjuvant setting [27] . The study, which included 596 patients, succeeded in proving the noninferiority of the SC formulation in terms of efficacy [measured as complete pathological response (pCR) rate and pharmacokinetics (co-primary endpoints)]. The pCR rate was 40.7% [95% confidence interval (CI) 34.7-46.9] for the IV formulation and 45.4% (95% CI 39.2-51.7) for the SC formulation, and the pCR difference was 4.7% (95% CI − 4.0 to 13.4), which fits within the pre-established non-inferiority margin of −12.5%. The co-primary pharmacokinetic endpoint [geometric mean ratio of serum trough concentrations (C trough SC/C trough IV) at cycle 7 (before surgery)] was 1.33 (90% CI 1.24-1.44), which is non-inferior according to the prespecified non-inferiority margin (ratio should be ≥ 0.8) [28] .
The safety profile was considered similar, but serious adverse events were more common with the SC formulation (21.0% vs. 12.0%; p value not reported), mainly attributable to infections and infestations [27] . The results of the SC trastuzumab trials were considered relevant and motivated its approval by the EMA and Agência Nacional de Vigilância Sanitária (ANVISA) to treat early HER2+ breast cancer, and through extrapolation of efficacy and safety data it was also approved to treat metastatic HER2+ breast cancer. However, to date, SC trastuzumab is not a biologic approved by the FDA (a Biologics License Application was accepted on 11 July 2018) and is not approved for metastatic gastric cancer treatment in Europe or Brazil (Table 2) . 
Immunogenicity
One of the main concerns regarding the use of biologicals is their immunogenicity potential. Immunogenicity is the capacity of a therapeutic protein, such as a monoclonal antibody, to be recognized by the immune system as a foreign protein and to elicit the production of anti-drug antibodies (ADAs). There is a wide spectrum of potential clinical manifestations related to the immunogenic response against the drug: loss of efficacy, neutralization of the natural counterpart, and worsening of the safety profile (especially in the immune-related adverse events, such as allergy, anaphylaxis, or serum sickness) [20, [29] [30] [31] . Considering the importance of this issue, immunogenicity assessment and comparison are required in the guidelines of biosimilar development [32] [33] [34] and, to be approved, biosimilars have to prove equivalent immunogenicity [35] . There are many potential factors that may influence the immunogenicity of therapeutic proteins: structural features (sequence variation and glycosylation), storage conditions (denaturation, or aggregation caused by oxidation), contaminants or impurities in the preparation, length of treatment, and route of administration; all of these factors play a role in the complex interactions between the patient's body and the biological drug [20, 30, 36] .
For some drugs, the SC route of administration was associated with a higher risk of immunogenicity than the IV route, but the identification of definitive causal factors is a difficult task, as several potential factors are often present, such as differences in IV and SC formulation composition and product attributes, and dose or dose frequency differences between the IV and SC routes [20, 36] .
Antibodies produced secondary to an immunogenic response from the patient's immune system against the biological can be classified into three groups according to their action: neutralizing; non-neutralizing, but with elimination-modifying activity; and non-neutralizing with no effect on the pharmacokinetic profile. Neutralizing antibodies prevent the therapeutic proteins from acting effectively by preventing them from binding to their pharmacological targets. On the other hand, the non-neutralizing antibodies have no effect on the ability of the protein to interact with its target, but they may lessen the therapeutic effectivity of the drug by interfering with the pharmacokinetic profile due to enhanced elimination secondary to the formation of immune complexes [37] .
The final immunogenicity analysis of the HannaH study published by Jackisch et al. [28] showed that the ADA rates were 7.1% (21/296) with IV trastuzumab and 14.6% (43/295) with SC trastuzumab. The rates of neutralizing ADAs (nADAs) were also evaluated, and were detected in only one patient in the IV group and two patients in the SC group. No formal hypothesis test was reported for these analyses, but the Fisher's exact test suggests a two-fold significant association between developing overall trastuzumab ADAs and receiving the SC formulation (p = 0.003); meanwhile, there was no association when nADAs were analyzed (p = 0.62) [28] .
An important aspect that must be mentioned is that efficacy parameters, such as pCR and the serum concentration of trastuzumab, were evaluated and the presence of ADA did not interfere with the pCR rate or with the pharmacokinetic profile; additionally, no association was found between ADAs and infusion reactions. Based on these findings, the elicited anti-trastuzumab antibodies were deemed to have no clinical relevance, as they were considered non-neutralizing and had no influence on the pharmacokinetic profile [28] .
Another issue that should be considered in the clinical development of biologicals such as trastuzumab is that immunogenicity elicited against a non-autologous protein may produce antibody responses that are more intense and long lasting due to T cell-dependent activation of B cells, with potential for the development of memory B cells [38] [39] [40] . Approximately 47% of all patients who tested positive for ADAs in the HannaH study had ADAs detected in the treatment-free follow-up period [41, 42] .
Patients' Preference
The greatest benefit of SC trastuzumab over the IV formulation is related to its route of administration. The PrefHer study evaluated 467 patients, of whom 235 received four cycles of SC trastuzumab (2-5 min administration) followed by four cycles of IV trastuzumab (90 min for the first loading dose infusion, 30 min for subsequent infusions) and 232 received treatment in a reverse sequence. This study was conducted to determine which administration route women preferred best, and showed that the majority of patients preferred the SC route (88.9%; 95% CI 85.7-91.6; p < 0.0001) [21] . Women chose the SC administration as their preferred option because it was associated with less pain or discomfort and considered "time saving", as one patient stated: "with this [SC formulation] it was 'Hello' and 'Bye' without having to spend hours with patients" [21] . However, despite the lack of a specific recommendation for the observation period post-injection in the pivotal trial [43] , according to the IV and SC trastuzumab labels the recommended observation period for signs or symptoms of administration-related reactions is similar: 6 h after the start of the first infusion (IV) or after the first injection (SC), and 2 h after the start of the subsequent infusions (IV) or after the subsequent injections (SC) [2] . To date, regulatory constraints may prevent patients from taking advantage of the fastest administration of SC trastuzumab, which is one of its most important benefits. This recommendation also prevents another possible benefit: home administration or the self-administration of the SC variant, one of the rationales for the pivotal study, which could increase convenience and patients' compliance over the treatment period [43] .
The safety profiles of SC and IV trastuzumab were considered comparable, as the PrefHer study identified that adverse events of any grade based on the National Cancer Institute Common Terminology Criteria for Adverse Events (NCI-CTCAE) occurred in 61.0% of patients treated with the SC formulation and in 51.3% of those treated with the IV formulation. Most of this difference was due to grade 1 or 2 reactions at the site of injection, mainly pain or erythema [21] .
Trastuzumab-Pertuzumab Interactions
One of the main issues regarding trastuzumab biological activity is the interaction with pertuzumab. The combination of these two monoclonal antibodies has been widely tested and is approved to treat HER2+ breast cancer in the metastatic [9] and (neo)adjuvant [44] [45] [46] settings.
In silico simulations suggested that pertuzumab and trastuzumab clinical synergism arises "partly from an enhanced affinity that originates from the cooperative interactions between the two antibodies when they are co-localized on HER2 and "clamp it"" [47] (Fig. 1a, b) .
In the HannaH study, approximately 15% of patients in the SC trastuzumab group had detectable ADAs [28] , which were classified as non-neutralizing antibodies and showed no impact on the pharmacokinetic profile. The expected interaction of the trastuzumab-ADA complex at the HER2 receptor level in the absence of pertuzumab resulted in no clinical impact on the efficacy or safety profile.
However, interactions among HER2 receptor, pertuzumab, and trastuzumab-ADA complexes have not been evaluated; accordingly, the presence of these complexes should not be ignored, as the expected interaction must happen in a coordinated manner and in very close sites. It is still unknown how the trastuzumab-ADA complex would work in the presence of pertuzumab at the HER2 level and how it would affect the efficacy or safety profile.
The SAPPHIRE study is a multicenter, open-label, phase IIIb study that intended to evaluate the safety, tolerability, and efficacy of IV pertuzumab plus SC trastuzumab and a taxane selected by the investigator in 50 patients treated for HER2+ metastatic breast cancer. The safety profile was consistent with the results of previous studies, and the combination was considered safe and tolerable. However, the different taxanes used and the small population enrolled made it difficult to draw definitive conclusions regarding safety and efficacy [48] . [47] The MetaPHER study is an ongoing phase IIIb multicenter, open-label, single-arm study that intends to evaluate the safety and efficacy of using SC trastuzumab in combination with IV pertuzumab and docetaxel in the first-line treatment of patients with HER2+ advanced breast cancer. With an estimated sample size of 418 patients, the first reports are expected by March 2019 (NCT02402712) [49] . The results of this trial are expected to allow for a better understanding of the potential risks due to the increased immunogenicity elicited by SC trastuzumab in the synergistic effect of the trastuzumab and pertuzumab combination.
Discussion
SC trastuzumab stands out as an option to treat early and advanced HER2+ breast cancer with more convenient administration and time and cost savings [50] . Clinical trials have proven its non-inferiority to the IV formulation in terms of efficacy and safety; higher immunogenicity was identified but considered to be of no clinical significance. Based on these findings, the European and Brazilian regulatory agencies (EMA and ANVISA, respectively) have already approved SC trastuzumab and its use in clinical practice is a reality [2, 51] .
In this scenario, some potential risks must be noted so that medical oncologists and regulatory agencies remain vigilant in order to guarantee patient safety. The first aspect to note is that the use of the SC trastuzumab was associated with a higher development of ADAs when used as sole monoclonal antibodies in the adjuvant or neoadjuvant settings but without clinical relevance [28] . Although these ADAs are deemed not to interfere with drug function or pharmacokinetics when SC trastuzumab is administered without any other monoclonal antibody, their impact on the molecular synergistic interaction of trastuzumab and pertuzumab at the HER2 level when they are given concomitantly has not yet been assessed. The MetaPHER study is expected to shed light on this question, but the comparative efficacy will not be assessed as it is a one-arm trial [49] .
It also remains unclear if, in the unfortunate case of a tumor recurrence, patients from the SC group would have higher immune system long-lasting memory ADAs and how this would impact the safety and efficacy of a subsequent treatment line using IV trastuzumab and IV pertuzumab (as currently approved).
The SC formulation of trastuzumab has been associated with time and cost savings [50, 52] . However, considering costs, updated pharmacoeconomic studies investigating the current scenario of biosimilar arrival would be of great value once the average price of IV trastuzumab formulations has been reduced [11] .
Conclusion
SC trastuzumab is a treatment option for patients with HER2+ breast cancer, especially in those who do not require any other IV medication, and for those who wish to use a more convenient treatment option, and is of benefit to drug manufacturers for patent protection against competing biosimilars. As research evolves in this specific field, new insights regarding its immunogenicity and its clinical implications will be achieved. Today's perspective is that it is safe for use as a monotherapy, but oncologists and regulatory agencies must be alerted to identify subtle harms that might pass unnoticed in pivotal trials for approving the drug.
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